male/3 female, 83 ± 4 years), tissue biopsies were obtained during elective orthopedic 184 surgeries from University Hospitals of the North Midlands, from the vastus lateralis (knee 185 surgery, n = 2) or gluteus medius muscles (hip surgery, n = 3), under consent and ethical 186 approval 18/WM/0187. DNA and RNA were isolated from these young and aged tissue 187 samples. DNA samples from all 9 young adult and 5 aged adults were analysed for DNA incubation, cells were washed 3 × in TBS and incubated at RT for 3 h in 300 μ l of secondary 231 antibody solution (TBS, 2% goat serum and 0.2% Triton X-100) containing the secondary 232 antibody, anti-rabbit TRITC (1:75; T6778, Sigma-Aldrich, UK) to counterstain desmin. Finally, 233 cells were washed again 3 × in TBS, prior to counterstaining nuclei using 300 μ l of DAPI 234 solution at a concentration of (300 nM; D1306, Thermo Fisher Scientific, UK) for 30 minutes.
Partek Genomics Suite we removed probes that spanned X and Y chromosomes from the 278 analysis due to having both males and females in the study design, and although the 279 average detection p-value for each samples was on average very low (no higher than 280 0.0023) we also excluded any individual probes with a detection p-value that was above 0.01 281 as recommended in [50] . Out of a total of 865,860 probes, removal of the X&Y chromosome 282 probes and those with a detection p-value above 0.01 reduced the probe number to 846, 233 283 (removed 19,627 probes) . We also filtered out probes located in known single-nucleotide 284 polymorphisms (SNPs) and any known cross-reactive probes using previously defined SNP 285 and cross-reactive probe lists identified in earlier 850K validation studies [51] . This resulted 286 in a final list of 793,200 probes to be analysed. Following this, background normalisation was 287 performed via functional normalisation (with noob background correction), as previously 288 described [52] . Following functional normalisation, we also undertook quality control 289 procedures of principle component analysis (PCA), density plots by lines as well as box and 290 whisker plots of the normalised data for tissue samples (Suppl . Figures 1c, d, e respectively) 291 and cell samples (Suppl. Figures 1 f, g, values show distributions that are more statistically valid for the differential analysis of 300 methylation levels [53] . We undertook a 1-way ANOVA for comparisons of young and aged 301 skeletal muscle tissue. For primary human muscle cells, we undertook a 2-way ANOVA for 302 age (young adult cells and aged cells) and time (0, 72 h, 7 and 10 d) and also explored the 303 ANOVA main effects for both age and time independently. We also performed planned 
448
Aged primary human muscle stem cells displayed more varied DNA methylation signatures 449 versus young adults during the differentiation time-course 450 451
We analysed DNA methylation from differentiating human muscle stem cells at 0 h (30 452 minutes post dropping to 2% serum), 72 h, 7 and 10 d. Both young and aged adult cells 453 morphologically demonstrated increasing differentiation and myotube formation across the 454 time-course (Figure 3a) . This was confirmed by increases in gene expression in myoD and 455 myogenin in both young adult and aged cells as differentiation progressed (Figure 3b ).
(Suppl. File 2b and 2c respectively). Overall demonstrating that there were highly significant 469 differences in DNA methylation between aged and young cells during differentiation.
471
After determining these changes with both age and time. We next wished to assess if there 472 were changes in DNA methylation within each cell type (aged and young adult) across 473 differentiation, to identify if differentiation itself was changing DNA methylation profiles in the 474 aged or young adult cells. In order to do this, we further analysed the main effect for TIME (0, 475 72 h, 7 d, 10 d) however, this did not demonstrate any significant changes in DNA 476 methylation with an FDR ≤ 0.05. For example, even with a less stringent unadjusted p-value 477 of 0.001 there were only a small number of CpG's (333) considered significant across all 
521
Aged primary human muscle cells demonstrate hypermethylated signatures versus young 522 adults across differentiation, particularly at 7 days.
524
We next wished to identify the differences in DNA methylation in aged versus young cells 525 across differentiation at each time point. A one-way ANOVA with the main effect for 'age', 526 that analysed aged cells versus young cells alone (yet included all time points 0, 72 h, 7, 10 527 d of differentiation), generated a significant differentially methylated (FDR 
573
At 72 h after the induction of differentiation in aged primary human muscle cells versus 574 young adult cells, there were 1,418 significantly differentially methylated CpG sites (FDR ≤ 575 0.05, with a difference/change greater than 2) there were 645 significant CpG sites between 
649
Finally, in order to identify common CpG changes across both tissue and cells and to 650 determine if there were any CpG sites demonstrating similar methylation profiles once 651 isolated in-vitro compared with the tissue they were derived from in-vivo, the significantly 
666
Distinguishing differentiation specific CpG sites in aging cells versus those altered as a 667 consequence of age alone.
669
The data above suggest that aged cells across all time demonstrate hypermethylation versus 670 young adult cells. Also, that aged cells significantly altered their methylation profiles during 671 differentiation itself, particularly in a large number of CpG's at 7 days of differentiation versus 672 young cells. Therefore, we conducted further analysis on the overlap of differentially 673 methylated CpG's within aging cells at 7 days of differentiation (from the 'time' analysis 674 above) and those that were changed as a consequence of age alone at 7 days (aged cells at 675 7 days versus young cells at 7 d). This enabled the identification of which methylation sites 676 were altered, but also shared in both aged cell differentiation alone and as a consequence of 677 age. Or, alternatively the sites that were simply changed with age and not differentiation 
694
Hypermethylation for a small number of CpG sites is retained in aged muscle cells in-vitro 695 from the in-vivo tissue niche.
697
We next examined whether methylated profiles were maintained from the tissue once 698 isolated in an in-vitro setting. Indeed, 6 CpG's that were identified in the 6,828 significantly 699 differentially methylated CpG list from the aged versus young tissue analysis, as well as 700 highlighted in the 2,719 list 'age' cells (across all time) analysis (Figure 7) . These included:
702
MRPS33 (cg26792755), ABCA17P (cg02331561). Importantly, all of these genes were 703 hypermethylated in the tissue analysis as well as the cells, highlighting that the cells were 704 perhaps retaining their in-vivo hypermethylation one these particular CpG's once isolated in-MGC87042 (cg00394316), C2orf70 (cg23482427), ABCA17P (cg02331561) and 709 cg27209395 (not on an annotated gene). Once more, all of these CpG's (with the exception 710 of C2orf70, cg23482427) were hypermethylated in the tissue analysis as well as the cells.
711
With ABCA17P (cg02331561) highlighted across all gene lists (Figure 6 ).
713 714 715
Varied methylation in the HOX family of genes in aging skeletal muscle tissue and stem cells 716 717
In the above analyses in aged versus young cells (all time points) there were 8 CpG's with (Figure 8a, Suppl. File 9d) . It was also demonstrated that the majority 734 of these HOX genes were hypermethylated in aged tissue (Suppl. File. 9a; Figure 8b) . In the 735 cell analysis across all time, these HOX genes also displayed the most varied methylation at 736 7 days of differentiation in aged cells versus young cells, therefore confirming the varied 737 temporal profile in methylation described above at 7 d was also the case for these HOX 738 genes identified. Finally, when SOM-profiling these 9 HOX genes by symbol (17 CpG's as 739 some HOX genes contained more than one CpG site), over the time-course of differentiation 740 based on the 'age' cells (all-time) 2,719 significantly differentially methylated CpG list. Eight 741 CpG sites across HOX family genes: HOXD8 (cg18448949, cg00035316), HOXB1
742
(cg04904318, cg02497558, cg22660933, cg10558129), HOXC9 (cg02227188) and HOXB3 743 (cg09952002) were hypermethylated at 7 days, whereas and 7 CpG's across HOXC10
744
(cg20402783, cg20403938, cg16898193, cg16791250), HOXB3 (cg23014425, cg04800503),
745
HOXC-AS2 (cg09605287) were hypomethylated at 7 days (Figure 8c; Suppl. File 9e) . This 746 meant distinct genes were hypermethylated (HOXD8, HOXC9, HOXB1) and hypomethylated 747 (HOXC10, HOXC-AS2) at 7 days in aged cells versus young adult cells, except for one of 748 these genes, HOXB3, that contained 1 CpG that was hypermethylated versus 2 that were 749 hypomethylated.
751
The HOX genes that changed in both the tissue and cell analysis (by gene symbol) at the 752 mRNA expression level (HOXD8, HOXA3, HOXC9, HOXB1, HOXB3 , HOXC-AS2 and 753 HOXC10) were further analysed in order to associate the significant changes in DNA suppressed at the gene expression level, which may have been expected, yet all significantly 757 elevated (Figure 9a) . However, in the aged cells when analysing these genes at the 758 expression level at 7 days of differentiation (including HOXD8, HOXA3, HOXC9, HOXB1,
759
HOXB3, HOXC-AS2 and HOXC10, as well as HOXC-AS3 identified in the above in the cell 760 analysis only) (Figure 9b) , we identified that there was significantly reduced gene expression 761 in gene HOXB1 (Figure 9b) , that corresponded with HOXB1 hypermethylation. Where in the 762 5,524 CpG list at 7 d in aged cells versus 7 d young adult cells (Suppl. File 5o) , we 763 previously identified that a region of the HOXB1 located in Chr17:46607104-46608568, 764 contained 8 CpG's that were hypermethylated, as well as HOXB1 Cg's: cg04904318, 765 cg02497558, cg22660933, cg10558129 being identified as hypermethylated in the 2,719 766 significant main effect for 'age' cell CpG list above (Figure 8c, Suppl. File 3b) . Further, there 767 was significantly increased gene expression for HOXC-AS3, with this gene identified earlier 768 in the analysis as being with hypomethylated. Indeed, hypomethylation occurred in 6 CpG's 769 in a region upstream of the HOXC10 gene (Chr12:54376020-54377868, 1849 bp) within the 770 HOXC-AS3 gene. Interestingly, HOXC10 also demonstrated an average increase in gene 771 expression, however, it was not statistically significant (Figure 9b) . Finally, HOXA3 also 772 demonstrated significantly reduced expression (Figure 9b ) with corresponding 773 hypermethylation (yet at 10 not 7 days of differentiation) in aged cells (see Figure 8c ).
774
Overall, HOXB1, HOXC-AS3 and HOXA3 demonstrated an inverse relationship with CpG 775 methylation and gene expression in aged versus young cells.
777
Effect of physical activity on methylation status of HOX family genes 778 779
Next, given that aging generally hypermethylated the genome, we have tested the 780 hypothesis that physical activity may be associated with a reverse these epigenetic changes 781 in the HOX family of genes. We thus performed a multiple regression analysis using 782 methylation data of 54 sites of HOX family genes (those across Suppl. File 9 a,b,c) and the 783 level of physical activity of 30 endurance-trained men. We determined that highly active men 784 had hypomethylated HOXB1 (cg10558129, P = 0.032) and HOXA3 (cg16406967, P = 0.038),
785
HOXA13 (cg04428700, P = 0.017) genes and hypermethylated HOXC10 gene (cg20403938, 786 P = 0.045) compared to less active men (adjusted for age). Given that we identified the 787 opposite trend in aged muscle and cells, where that particularly HOXB1 and HOXA3 were 788 hypermethylated in aged tissue and cells with reduced gene expression in aged cells, and 789 HOXC10 was hypomethylated in aged tissue and cells and the average gene expression 790 increased. These findings suggest that increase exercise is associated with reversed 791 methylation status in these HOX genes compared to age-related changes.
793

Discussion
795
In the present study we aimed to investigate the methylome in aged skeletal muscle tissue 796 and differentiating primary muscle stem cells compared with young adults, in order to identify 797 important epigenetically regulated genes in both aging skeletal muscle tissue and stem cells.
798
As with previous studies ([17, 26] , and by using more recent, higher coverage, array 799 technology, we identified that aged skeletal muscle tissue demonstrated a considerably 800 hypermethylated profile compared with young adult tissue. We also demonstrated that these 801 hypermethylated profiles in aged tissue were enriched in gene ontology pathways including, muscle such as; focal adhesion, MAPK signaling, PI3K-Akt-mTOR signaling, p53 signaling, 805 Jak-STAT signaling, TGF-beta and Notch signaling, as well as the other significantly 806 enriched pathways of 'rap1 signaling', 'axon guidance', and 'hippo signaling'. This was also 807 the first study to profile DNA methylation over the entire time-course of skeletal muscle 808 differentiation (0, 72 h, 7 and 10 d) using the highest coverage 850K methylation assays. In 809 primary cell cultures, isolated from aged and young adults matched for the proportion of 810 myogenic cells, we identified that (as observed at the tissue level) aged muscle stem cells 811 also demonstrated hypermethylated profiles versus young adult cells. This hypermethylation 812 was enriched in: 'axon guidance', 'adherens junction' and 'calcium signaling' pathways.
813
Furthermore, we identified that the process of cellular differentiation itself did not significantly as well as associated reductions in myoD and myogenin and delayed increases in myogenin 824 gene expression in aged compared with young adult cells. Furthermore, we were able to 825 identify that a small number of CpG sites hypermethylated in aged tissue were also 826 hypermethylated in aged cells, with CpG's located on genes: KIF15, DYRK2, FHL2, 827 MRPS33, ABCA17P. This suggested, that these CpG's retained their methylation status in-828 vitro after being isolated from the in-vivo niche. However, it is worth noting that this was a 829 very small number of CpG's compared with the thousands of CpG sites significantly 830 differentially methylated in the aged tissue versus young adult tissue, and those also 831 observed to be significantly different in the aged versus young muscle cells. This was 832 suggestive that the majority of the hypermethylated CpG's observed at the aged tissue level 833 were generally not retained on the same CpG sites in the isolated aged muscle stem cells in-834 vitro. This therefore also perhaps indicates that hypermethylation of DNA within myonuclei 835 (the predominant source of DNA in the tissue) maybe therefore unique to that observed in Importantly, in both tissue and stem cell analysis, we also identified that the homeobox 852 (HOX) family of genes were significantly enriched in differentially methylated region analysis,
853
showing several (e.g. 6-8) CpG's to be methylated within narrow chromosomal regions on 854 these genes, as well as being methylated in the same direction (hyper or hypomethylated) in 855 aged compared with young adults. In particular, we identified: HOXC10 (just upstream of 856 HOXC6) and HOXB1 as having several CpG's differentially methylated. Therefore, closer 857 analysis of all HOX gene associated CpG changes across both tissue and cell differentiation 858 data identified that CpG's located within: HOXD10, HOXD9, HOXD8, HOXA3, HOXC9, 859 HOXB1, HOXB3, HOXC-AS2 and HOXC10 were all significantly differentially methylated 860 across these analyses. In aged tissue the majority of these HOX genes were 861 hypermethylated. In the cell analysis, these HOX genes displayed the most varied 862 methylation at 7 days of differentiation in aged cells versus young cells. Furthermore, distinct 863 HOX genes were hypermethylated (HOXD8, HOXC9, HOXB1) and hypomethylated 864 (HOXC10, HOXC-AS2) at 7 days in aged cells versus young adult cells. In aged cells versus 865 young cells, gene expression analysis also demonstrated an inverse relationship with 866 hypermethylation of HOXB1 and HOXA3 and reduced gene expression, as well as 867 hypomethylation of HOXC-AS3 together with increased gene expression.
869
This data is interesting given that the HOX genes are evolutionary conserved members of 870 the homeobox superfamily, with 39 HOX genes found in the mammalian genome. They are 871 'homeotic' genes coding for transcription factors, with a fundamental role in the determination 872 of cellular identity. They were first shown to be important in embryogenesis in drosophila 873 melanogaster (fruit fly) [59] . In muscle they have been described to morphologically identify 874 the hindlimb tissues during development [60] [61] [62] [63] , but have also been demonstrated to be 875 activated in satellite cells [64, 65] , and as markers of hindlimb derived myoblasts [64] . In 876 particular HOXC10, demonstrated 8 CpG's (just upstream of HOXC6 and MIR196;
877
Chr12:54383692-54385621, 1933 bp) that all demonstrated a hypomethylated signature in 878 aged versus young muscle stem cells. There were also 4 CpG sites hypomethylated, 879 particularly at 7 days of differentiation in aged versus young cells. Indeed, HOXC10 has been 880 identified to determine hindlimb identity [60, 62] . Together with HOXC10 hypomethylation, we 881 also demonstrated average (yet not significant) increases in HOXC10 gene expression at 7 882 days in aged cells versus young cells. Counterintuitively, to our data, previously HOXC10 883 upregulation has been associated with satellite cell activation in skeletal muscle in response 884 to Roux-en-Y gastric bypass (RYGB) surgery [66], as well as being a marker for hindlimb 885 specific satellite cells. Interestingly, there was lower expression of HOXC10 observed in hypomethylation, in a region close to the lcRNA HOXC-AS3, there was significantly 900 increased gene expression of HOXC-AS3 (and an average, yet not significant increase in 901 HOXC10 gene expression) in aged muscle cells at 7 days of differentiation. Given the data 902 above in bone and cancer, HOXC-AS3 upregulation appears to be pro-growth and linked 903 with expression of HOXC10, therefore their increase in the current study maybe 904 hypothesised to be a co-operative and compensatory drive to maintain aged muscle.
905
However, this hypothesis is speculative, and more work needs to be conducted as to the role 906 of HOXC10 and HOXC-AS3 and their potential cooperative mechanisms of action in aged 907 skeletal muscle. We also identified that HOXB1 was hypermethylated with increased gene 908 expression in aged cells at 7 days. HOXB1 has been demonstrated to be hypermethylated in 909 inflamed muscle of children with Juvenile Dermatomyositis (JDM) [71] . This is interesting 910 given aged skeletal muscle is known to be chronically inflamed [72, 73] , where we also 911 demonstrate this hypermethylated profile in methylation in aged cells. Finally, HOXA3 was 912 hypermethylated with reduced gene expression in aged cells. However, there is currently 913 little to no work on this gene in skeletal muscle [63] and therefore requires future 914 investigation.
916
Finally, with aging evoking a hypermethylated signature in tissue and aged muscle stem 917 cells, it was also interesting to speculate that physical exercise, that has been shown to 918 hypomethylate the genome [19] [20] [21] , could therefore be 'anti-ageing' at the epigenetic level. 
925
Overall, suggesting exercise (resistance exercise in this case) could perhaps reverse the 926 hypermethylated profiles in these pathways in aged muscle. Therefore, in the present study,
927
given that we identified the HOX family of genes to be extensively differentially methylated in 928 aged tissue and stem cells, we went on to determine that higher physical activity levels 929 (endurance exercise in this case) in healthy young adults was associated with changes in 930 HOXB1, HOXC10 and HOXA3 DNA methylation in the opposite direction to the changes we 931 observed in aged tissue and stem cells. This also provided evidence to suggest that 932 increased physical activity could perhaps reverse the age-related epigenetic changes in the Figure 8 . HOX family of genes and their DNA methylation in aged tissue and muscle stem cells. 8a. Venn diagram identifying 9 commonly differentially methylated HOX genes: including HOXD10, HOXD9, HOXD8, HOXA3, HOXC9, HOXB1, HOXB3, HOXC-AS2 and HOXC10 (note this Venn diagram analysis is by 'gene symbol' not 'probe cg' (CpG site), as some HOX genes also had more than 1 CpG per gene symbol, full Cg lists are located in Suppl. Figure 9 a,b,c,d) . 8b. All HOX family genes by CpG site (cg probe) differentially methylated in aged compared with young skeletal muscle tissue, predominantly all demonstrating hypermethylation. 8c. SOM profiling depicting the temporal regulation of DNA methylation in aged muscle stem cells as they differentiate in CpG's located amongst the HOX family of genes (depicting the 9 HOX genes identified to be changed, by gene symbol, in both the tissue and cells in Figure 8a ). The majority of these HOX CpG sites were differentially methylated at 7 days of differentiation in the aged cells. 
